ABSTRACT: Autoxidation of dopamine to polydopamine by dissolved oxygen is a slow process that requires highly alkaline conditions. Polydopamine can be formed rapidly also in mildly acidic and neutral solutions by using redox-active transition-metal ions. We present a comparative study of polydopamine nanoparticles formed by autoxidation and aerobic or anaerobic oxidation in the presence of Ce(IV), Fe(III), Cu(II), and Mn(VII). The UV−vis spectra of the purified nanoparticles are similar, and dopaminechrome is an early intermediate species. At low pH, Cu(II) requires the presence of oxygen and chloride ions to produce polydopamine at a reasonable rate. The changes in dispersibility and surface charge take place at around pH 4, which indicates the presence of ionizable groups, especially carboxylic acids, on their surface. X-ray photoelectron spectroscopy shows the presence of three different classes of carbons, and the carbonyl/carboxylate carbons amount to 5−15 atom %. The N 1s spectra show the presence of protonated free amino groups, suggesting that these groups may interact with the π-electrons of the intact aromatic dihydroxyindole moieties, especially in the metal-induced samples. The autoxidized and Mn(VII)-induced samples do not contain metals, but the metal content is 1−2 atom % in samples prepared with Ce(IV) or Cu(II), and ca. 20 atom % in polydopamine prepared in the presence of Fe(III). These differences in the metal content can be explained by the oxidation and complexation properties of the metals using the general model developed. In addition, the nitrogen content is lower in the metal-induced samples. All of the metal oxidants studied can be used to rapidly prepare polydopamine at room temperature, but the possible influence of the metal content and nitrogen loss should be taken into account.
■ INTRODUCTION
Melanins are heterogeneous polymeric pigment materials formed from natural phenolic substances, either naturally or synthetically, and can be roughly classified into several large diverse groups: eumelanin, pheomelanin (containing sulfur) and neuromelanin (mixture of eumelanin and pheomelanin) in animals, and nitrogen-free allomelanin and pyomelanin in plants, fungi, and bacteria. 1−3 Eumelanin is the most studied of these, and has drawn much attention in materials science due to its versatile chemical and physical properties. 4−6 Eumelanin biosynthesis, melanogenesis, uses mainly the amino acid tyrosine and the neurotransmitters dopamine (DA) and L-3,4-dihydroxyphenylalanine as reactants, and takes place in the melanosomes, which provide a matrix for the enzymatic reaction. 7 A synthetic alternative, polydopamine, can be obtained by a chemical oxidation of dopamine, and its properties are practically indistinguishable from those of the natural eumelanin. They are both nontoxic biodegradable semiconducting materials, which allow chemical modification, effectively bind many metals, scavenge free radicals, and convert practically all absorbed light into heat. The suggested applications for melanin or polydopamine include their use as e-ink, 8 and in energy storage and harvesting, 9−11 heavy-metal binding, 12 radical scavenging and irradiation protection, 13−15 structural coloration, 16 catalysis, 17 and various biomedical applications, including bioimaging, bioanalysis, drug delivery, and photothermal therapy. 18, 19 Melanins and polydopamine can be regarded as mixtures of oligomeric species and display structural and redox disorder. 20 The molecular structures of these materials are still debated. 18 ,21−23 The 5,6-dihydroxyindole (DHI) unit and its derivatives, both in catecholic and quinonoid forms, are the basic building blocks but incorporated pyrrolecarboxylic acids and dopamine molecules have been proposed and supported by experimental evidence. The building blocks are covalently linked to short oligomers or bound together noncovalently via π−π interactions and hydrogen bonding. 24, 25 A recent study suggests that the cation−π interactions between the proto-nated free amino groups and the aromatic ring system of the DHI moieties play an important role. 26 Tetrameric porphyrinlike DHI units have been suggested as important structural components but have not been detected in polydopamine. 27−29 On the other hand, a recent study implies the formation of linear oligomers, and studies of carbonized nanoparticles (NPs) suggest a partially ordered supramolecular structure. 30, 31 In spite of the controversial structure of the final material, the initial reaction steps in polydopamine formation are well known (Scheme 1) and consist of a six-electron oxidation pathway from dopamine to dopaminequinone (DQ), dopaminechrome (DAC), 5,6-dihydroxyindole (DHI), and indolequinone (IQ). Further coupling and oxidation reactions lead to the final product.
Natural eumelanin and synthetic polydopamine generally aggregate during their formation to water-dispersible nanoparticles, but various additives in solution can enhance, delay, and modify the aggregation or even hinder the polymerization. 32, 33 Autoxidation of dopamine in alkaline aqueous solutions is a standard method for polydopamine formation. 34 Nanoparticles are formed in the solution, and a thin film of the material is formed on practically any surface in contact with it. Site-specific deposition of nanoparticles has been achieved by surface-immobilized enzymes. 35 On the other hand, a protein matrix has been used to control polydopamine formation in a biomimic way, 36, 37 and polyelectrolytes to adjust the nanoparticle size. 38 The autoxidation of dopamine by dioxygen is, however, a quite slow process and requires alkaline conditions, and other oxidants have also been used. We have recently studied the initial triggering phases in the dopamine oxidation and intramolecular ring closure and shown that pH 5 is the practical lower limit of autoxidation, although the reaction proceeds at a reasonable rate only at a much higher pH. 39 On the other hand, redox-active transition-metal ions allow fast polydopamine formation at considerably lower pH, in mildly acidic solutions. The autoxidation of dopamine has been reported to take place even at pH 1.5 under hydrothermal conditions, which can be attributed to the changes in the dielectric properties of water and the specific features of the reaction thermodynamics. 39, 40 The use of ammonium persulfate, sodium periodate, or potassium chlorate as oxidants also allows polydopamine formation in weakly acidic and neutral solutions. 41, 42 Metal ions are known to enhance dopamine oxidation, but there are very few comparative studies on the effect of different oxidants. If the autoxidation of dopamine is carried out in the presence of various nonoxidizing metal ions (Na + , Ca 2+ , Mg 2+ , Co 2+ ), the nanoparticle formation and their properties are affected. 43 Fentonlike chemistry using a mixture of Fe(II) and hydrogen peroxide leads to a rapid generation of polydopamine nanoparticles. 44 On the other hand, oxidation of dopamine by Cu(II) under anaerobic conditions is a very slow reaction. 39, 42, 45, 46 Oxidation by copper(II) produces thicker films than autoxidation, the nanoparticles are smaller, and their point of zero charge is shifted toward higher pH. 42, 45, 46 We report here a comparative study of the effect of oxidants on the formation and properties of polydopamine nanoparticles. We have used three different kinds of oxidants. First, dissolved dioxygen is a two-electron oxidant, but its redox reactions with organic molecules are generally spin-forbidden, which leads to two sequential one-electron steps with a slow initial phase. 39, 47, 48 The autoxidation reaction produces highly reactive oxygen radicals, which can attack the material, and decomposition due to splitting of the catechol moiety has been observed in natural and synthetic melanin. 49, 50 The autoxidized polydopamine nanoparticles serve as reference material in this work. Second, redox-active transition-metal ions Ce(IV), Fe(III), and Cu(II) are strong one-electron oxidants, and the mechanism of dopamine oxidation involves metal−catecholate complexes in this case. The oxidations have been carried out both in the absence and presence of dissolved oxygen, but the pH was set so low (4.5) that direct autoxidation was negligible. Cu(II) differs from the other metals because it forms the redox-active site of the redox enzymes involved in melanogenesis (e.g., catechol oxidase) and it actually becomes a better oxidant than Ce(IV) or Fe(III) at biological pH. 39, 51 In addition, the thermodynamic stability range of Cu(I) is very narrow, and Cu(II) may act as a two-electron oxidant. 52 Finally, some experiments were done using Mn(VII), a threeelectron oxidant, which is present as the permanganate anion in aqueous solution, and the mechanism of its reaction with dopamine most probably resembles that of the periodate ion. 53 The oxidizing power of the oxidants used varies considerably and is also pH-dependent. The formal redox potentials of the dioxygen/superoxide/peroxide, dopamine/dopamine semiquinone (DSQ)/dopaminequinone, Ce(IV)/Ce(III), Fe(III)/ Fe(II), Cu(II)/Cu(I), and Mn(VII)/Mn(IV) redox pairs are shown in Table 1 under the nanoparticle synthesis conditions. 39, 52 In addition, adding chloride ions in the solution makes Cu(II) a stronger oxidant, and in 0.1 M Cl − solution, the formal potential of the Cu(II)/Cu(I) pair is +0.53 V. 39 Therefore, compared to other oxidants, molecular oxygen is a poor oxidant in all cases, and the effect of direct autoxidation in aerobic metal-induced dopamine oxidation can be assumed to be negligible. The nanoparticles formed are Scheme 1. Polydopamine Formation Pathway thoroughly purified through dialysis and characterized using UV−vis spectroscopy, the measurement of size and surface charge, and X-ray photoelectron spectroscopy (XPS). Except for the copper-induced formation of polydopamine, 46 this is, to our knowledge, the first comparative study of polydopamine prepared using several redox-active transition metals, and it supplements our previous work on the initial stages of dopamine oxidation. 39 ■ EXPERIMENTAL SECTION Materials. Dopamine hydrochloride, cerium(IV) ammonium nitrate, iron(III) chloride, poly(diallyl dimethylammonium chloride) (abbr. PDADMA, M w = 100−200 kDa, 20% aqueous solution) (all from Sigma-Aldrich), KMnO 4 (Merck), and copper(II) sulfate pentahydrate (Merck) were used as received. All solutions were prepared in water distilled twice in quartz vessels. Silicon (111) wafers (Okmetic, Finland) were cleaned for 30 min in a fresh Piranha solution (3:1 conc. sulfuric acid and 30% hydrogen peroxide; Warning: Piranha solution is extremely corrosive and should not be stored in tightly closed vessels), rinsed with water, and dried at 110°C.
Synthesis of Polydopamine Nanoparticles (NPs). Polydopamine nanoparticles were prepared using dissolved oxygen only and Ce(IV), Fe(III), Cu(II), or Mn(VII) salts with or without dissolved oxygen. For oxidation with dissolved oxygen only (autoxidized NPs), the pH of the dopamine hydrochloride solution (typically 0.2 mmol in 20 mL of water) was adjusted with 1 M NaOH to ca. 9, and the reaction was carried out at 50°C under sonication (Hielscher UP100H tip sonicator) for 17 h. 54 Sonication was used to prevent precipitation of large particulates during the reaction and to produce nanoparticles of similar size as with metal-induced oxidation. The samples with metal ions were prepared at pH 4.5 at room temperature with a 6:1 (XPS) or equimolar (solution studies) metal/dopamine ratio. For the polydopamine formation in the absence of dissolved oxygen, the metalion and dopamine solutions were thoroughly deaerated with nitrogen and the reaction was carried under nitrogen atmosphere. The samples with dissolved oxygen were prepared in stirred open vessels. The reaction time depended on the sample but was ca. 4−5 h except in the case of Cu(II) with chloride (chloride concentration 300× that of dopamine) and/ or dissolved oxygen, which were allowed to react for ca. 20 h. After reaction, the samples were dialyzed using a 3500 molecular weight cutoff membrane (Thermo Scientific SnakeSkin), first against dilute HCl solution (pH 4−4.5), followed by distilled water and, finally, dilute ammonia solution (pH 9− 10) to solubilize as much of the material as possible. The aqueous polydopamine samples were stored at +4°C.
Multilayer Formation. Polydopamine nanoparticles and PDADMA were sequentially adsorbed on the amino silanized walls of a flow-through cuvette or on a silanized silicon wafer and thoroughly rinsed with distilled water after every layer. The film on silicon was finally dried with a nitrogen flow. The PDADMA solution concentration was 10 mM with respect to the monomer and contained 0.1 M NaCl.
Characterization. For XPS measurements, the silicon wafers were thermally coated with gold with a chromium adhesive layer (Edwards E306A). The metal films were cleaned with oxygen plasma (Harrick plasma cleaner and PlasmaFlo PDC-FMG), and a few drops of polydopamine suspension were added and allowed to evaporate in vacuum at room temperature. The suspensions were sonicated in an ultrasonic bath to disperse polydopamine particles when necessary. X-ray photoelectron spectra were recorded on a PerkinElmer 5400 small-spot ESCA spectrometer using twin anode with Mg Kα radiation and the takeoff angle of 45°, and the spectra were analyzed using the Unifit 2013 fitting program (Unifit Scientific Software GmbH, Leipzig, Germany). Atomic force microscopy (AFM) images were recorded using a diCaliber atomic force microscope (diCaliber, Bruker) in a tapping mode. Scanning electron microscopy (SEM) imaging was also carried out with some samples (see Supporting Information for details).
Aliquots of dialyzed NP suspensions were added to buffers of different pH values, and the particle size and ζ potential were measured using dynamic and electrophoretic light scattering (Malvern Zetasizer Nano ZS). UV−vis spectra of similarly prepared suspensions at different pH values were measured (Cary 60 UV−vis spectrophotometer, Agilent Technologies) before and after centrifugation for 10 min at 50 000g (Heraeus Biofuge Stratos table top centrifuge). The ratio of the absorbances at 300 nm was used as a measure of the nanoparticle dispersibility.
■ RESULTS AND DISCUSSION Nanoparticle Formation. The autoxidation of dopamine by dissolved oxygen was carried out at elevated temperature at pH 9 to speed up the slow reaction. From our previous studies, we know that the UV−vis spectra taken during the polydopamine formation show the reaction to initially proceed via the formation of leucodopaminechrome and dopaminechrome (maxima at ca. 285 and 480 nm, respectively). 39 Later, the spectrum begins to resemble the typical featureless polydopamine/melanin spectrum but there is a clear maximum at ca. 275 nm and a shoulder at ca. 350 nm. Similarly, with low concentrations of Ce(IV) or Fe(III) and dopamine at pH 4.5, in the absence of oxygen, dopaminechrome was initially formed (480 nm) while absorbance decreased below 400 nm. Cu(II) alone is a very weak oxidant at this pH, but the addition of chloride ion increases its redox potential and facilitates the reaction. 39 The absorbance increases between 300 and 600 nm, both with and without oxygen, showing that dopaminechrome is initially formed also in this case. When redoxinactive metal ions were present during the autoxidation, the spectra always showed the presence of dopaminechrome (shoulder at 480 nm), but other peaks appeared at ca. 410 nm (Na + , Ca 2+ ) or 580−600 nm (Mg 2+ , Co 2+ ). 43 The authors attributed these peaks to dopaminequinone (maximum at 395 nm) 50 and a dihydroxyindole dimer. Dopaminechrome (480 nm) was also observed during oxidation with ammonium peroxodisulfate and sodium periodate. 42 Therefore, the major intermediate species during the early stages of the polydopamine formation is dopaminechrome in all cases.
With higher oxidant and dopamine concentration, the solution rapidly turned deep dark in most cases. With transition-metal ions, the synthesis was carried out at pH 4.5 in the presence and absence of dissolved oxygen. In all cases, a dark solution was obtained, but the anaerobic Cu(II)-dopamine sample darkened significantly only during the dialysis when the pH increased to 6−7. This is in accordance with the previous results, which show that the onset pH is ca. 6 for the dopamine oxidation with Cu(II) in the presence of O 2 (aq). 39 The reaction mixtures were thoroughly dialyzed to remove loosely bound small molecules and ions. All of the polydopamine samples prepared in the presence of transition
The Journal of Physical Chemistry B Article metals, with or without oxygen, displayed a typical, monotonously changing spectrum with a shoulder at ca. 260−300 nm (Figure 1) . A peak at 280 nm has been observed in the spectra of Cu(II) oxidized polydopamine, too, with smaller shoulders at 360 and 420 nm. 46 In general, the metaloxidized polydopamine samples display various peaks or shoulders in their spectrum because the material is formed in a partially oxidized state. 55 The nondialyzed samples of polydopamine ( Figure S1 ), either autoxidized or prepared with Fe(III) and Cu(II), also displayed the 270−280 peak (or shoulder), but with Ce(IV), the peak was at lower wavelength, at ca. 250 nm, and the peaks are less pronounced. A definite identification of the species responsible for these spectral features is not possible because of the structural and redox heterogeneity of the solution. However, the peak at ca. 280 nm most probably belongs to dopamine, DHI, or similar species, and is markedly reduced when small molecules are rinsed away during the purification step ( Figure S1 ). 39 In general, the spectra obtained using Ce(IV) rather closely resemble the featureless spectra of autoxidized polydopamine, whereas the use of Fe(III) resulted in spectra with no absorbance above 700 nm (except before dialysis). This could be caused by effective iron-mediated bonding of smaller aggregates to larger ones. Finally, it should be noted that the use of Ce(IV) requires a high buffer capacity in the solution. With low buffer concentration, the pH rapidly rises from the initial 4.5 to ca. 7, probably due to the breakdown of the highly acidic Ce(IV) aqua complexes.
Nanoparticle Dispersions. The diameter of the nanoparticles in the dialyzed aqueous suspensions of the samples, The Journal of Physical Chemistry B Article prepared in the presence of dissolved oxygen (including the autoxidized sample), was measured using laser scattering. In all cases, the z-average of the nanoparticle diameter was 105 ± 20 nm, in accordance with the AFM and SEM images (Figures S3 and S4), and is smaller than in the work discussing the effect of Cu(II). 46 The polydopamine nanoparticles tend to sedimentate from the solution at low pH ( Figure S2 ), and we used the ratio of absorbance at 300 nm after and before centrifugation as a measure of the fraction of dispersible nanoparticles. The particle dispersibility exhibits a clear increase around pH 4 ( Figure 2a ). The dispersibility is connected to the surface charge (ζ potential) of the nanoparticles. In very acidic conditions (below pH 3), the ζ potential is generally positive or close to zero and turns negative at higher pH. 43, 46 Incorporation of nonelectroactive metal ions has been reported to shift the point of zero charge downward by approximately one pH unit, and the authors attributed this to a higher amount of pyrrolecarboxylic acids, although without further justification. 43 On the other hand, copper has been reported to bring about an opposite and larger change. 46 With the nanoparticles prepared using the redox-active metal ions in this work, the ζ potential in acidic solutions was more negative than that of the purely autoxidized ones (Figure 2b ). This also induced a small downward shift (less than 1 pH unit) in the isoelectric point, but, in all cases, there was a steep decrease of the surface charge in the pH range of 3−5, coinciding with the change in dispersibility, until it stabilized at a clearly negative value (−35 ± 10 mV) above pH 6. These observations are different from those reported previously for copper-oxidized polydopamine, but, 46 in our work, dissolved oxygen was always present, the copper concentration was lower, the reaction time was shorter, and, consequently, the nanoparticles were also considerably smaller. We assume that with the small nanoparticles, the surface effects are more dominant than with the larger ones. It should be pointed out that the dispersibility of the Cu(II)-based nanoparticles in Figure 2a seems exceptionally high at low pH, but it can be attributed to their very low concentration. The polydopamine formation with copper, even in the presence of oxygen, is so slow that large nanoparticles have not had time to form in the short reaction time used. 39 The consistent changes in the observed dispersibility and ζ potential indicate the presence of ionizable groups on the nanoparticle surface. However, the local pH on the nanoparticle surface lags behind the bulk pH by the amount given by ΔpH = pH surface − pH bulk = 0.434Fϕ/RT, where ϕ, F, R, and T are the surface potential, Faraday constant, gas constant, and absolute temperature, respectively. 56 With fully ionized The Journal of Physical Chemistry B
Article nanoparticles with a ζ potential of ca. −35 mV, the surface pH is ca. 0.6 units lower than the bulk pH, and this effect widens the apparent ionization range around the pK a of the surface species. The pK a values of the hydroxyl groups of the catechol moiety in melanin are close to those in dopamine and will not influence the behavior except at high pH. 57 The pK a value is ca. 4.7 in the dopamine semiquinone and 6.8 in the DHI semiquinone, which are not, however, stable in an aqueous environment. 39 Quinone imine tautomerization in the oxidized dihydroxyindole unit shifts the pK a value to ca. 6, which coincides with the reported behavior of the ζ potential with larger copper-containing nanoparticles.
46,49 Carboxylic groups have not been observed in the IR spectra of polydopamine, possibly due to the broad intense absorption in that range, but the catechol moiety may undergo an oxidative intradiol cleavage, especially in the presence of transition metals, to yield muconic acid, and the decomposition of the DHI moiety during the oxidation has also been shown to produce pyrrole dicarboxylic acid. 49, 50, 58 The first pK a value of muconic acid is in the approximate range of 3.0−4.5 and the second below 5, and these values are well in accordance with the range of the ζ potential and dispersibility changes observed. 59 It is interesting to try to estimate the surface concentration of ionized groups in the nanoparticles using the functional dependence of the ζ potential to the effective surface charge (see Supporting Information for details). 60 The ionic strength of the nanoparticle solutions varies with pH, but the equations allow to estimate that the surface concentration of charged groups is ca. 1.75 × 10 13 cm −2 . If we approximate polydopamine by poly-DHI and assume a bulk density of ca. 1.5 g cm −3 , then we can estimate that ca. 3% of the catechol moieties on the nanoparticle surface have been cleaved to dicarboxylic acids. 61 It should be noted that this estimate represents the lower limit of the cleaved catechols because it relies on the ζ potential, which is the potential on the shear plane. It is usually associated with the outer Helmholtz plane, where adsorbed ions shield part of the true surface charge. However, it is roughly in accordance with the atom % of CO species (which includes also quinonoid species) found by XPS (vide infra). The ionized groups on the surface make nanoparticles polyanions and render them suitable for the polyelectrolyte layer-by-layer sequential assembly. 62 An example of the buildup of a polydopamine/PDADMA multilayer is shown in Figure 2c . The film thickness and polydopamine surface coverage were estimated from the spectral data using the mass and molar absorption coefficients reported in the literature. 61, 62 The growth is clearly linear after two (polydopamine/PDADMA) bilayers, but the adsorption of PDADMA always leads to a significant removal of polydopamine from the surface. The multilayer films display a very rough globular morphology of small particles (diameter, ca. 100−200 nm) aggregated together to large boulders ( Figure S4) . Nanoparticle Surface Chemistry. To gain information about the surface chemistry of the polydopamine nanoparticles and its sensitivity to the synthesis conditions (aerobic vs anaerobic, autoxidation vs metal-induced), we have measured the X-ray photoelectron spectra of the dried nanoparticle suspensions on evaporated gold surfaces. Because the electron attenuation length in organic material is only a few nanometers, much smaller than the average nanoparticle diameter, XPS gives information only of the surface region of the nanoparticles. 63 However, because the interactions with the environment take place via surfaces, this is the most important part of the particles. The autoxidized polydopamine serves as a reference sample in this case, too. When metals were used in the presence of oxygen, the pH was set so low (pH 4.5) that direct autoxidation of dopamine was negligible, although oxygen may participate in the reaction through other reaction paths (oxidation with Cu(II) in the presence of oxygen only yielded too dilute polydopamine dispersions for the XPS analysis). 39 The deconvoluted C 1s, O 1s, and N 1s spectra are shown in Figure 3 , and the binding energies (BEs) of the bands in Table S2 . In general, the differences between the samples were not very large (Table S2, Figures 3, and S5 ). The C/N/O ratio of the autoxidized polydopamine was 8.5:1.0:2.4 (C/O ≈ 3.5), which is close to the theoretical composition C 8 NO 2 for poly-DHI or (dopamine) n , but the nitrogen content was lower in other samples ( Table 2 ). The C/O ratios of the Cu(II)-and Ce(IV)-induced samples were close to that of the autoxidized one (2.2−3.4), but the Fe(III)-induced samples contained a large surplus of oxygen over carbon. The reduced nitrogen content suggests removal of species with a high nitrogen content during the reaction with metal oxidants, which would also lead to relatively low signalto-noise (S/N) ratios in the N 1s spectra. Transition metals enhance the intra-and extradiol cleavage of the catechol ring under aerobic conditions and form cyclic intermediates, which hydrolyze in water and produce smaller molecules. 64, 65 The catechol ring cleavage is much more common than that of the pyrrole moiety, and small nitrogen-containing species (e.g., pyrrole di-and tricarboxylic acids) probably form as the result of the diol cleavage. This also disrupts the supramolecular structure of the material, affects the intermolecular interactions, and allows small molecules (with higher N/C ratios than in poly-DHI) to leak out of the material. On the other hand, the very high oxygen content of the iron-induced samples can be explained by aqua complex formation (vide infra).
We have previously noted that the binding energies reported for various carbon and oxygen species in melanin-type materials may differ considerably (a compilation of the literature data is given in Table S1 in the Supporting Information). 55 However, the binding energy differences between various assigned species are more consistent and allow to recognize different classes of atoms in chemically specified environments. In all of the cases studied in this work, the C 1s spectrum can be deconvoluted using three peaks. We attribute the peak at the lowest binding energy (284−285.5 eV) to C−H, aromatic and adventitious carbon, and the peak at 285.5−287.5 eV to carbon bonded to nitrogen or a hydroxyl The Journal of Physical Chemistry B Article group. 21,55,66−71 All spectra showed a small fraction (ca. 5−15 atom %) of oxidized carbon with a binding energy of 287.5− 289.0 eV, which is assigned to a carbonyl carbon. The CO carbon in a carboxylic acid group has a higher binding energy than the carbon in the quinone form of the catecholate moiety, but their deconvolution was not reliable. Sodium ions bound to carboxylate groups increase the C 1s binding energy, and they are present in polydopamine formed by oxidation with the NaCl-containing Cu(II) solutions, in spite of the thorough sample purification because a small but unambiguous Na 1s signal (at 1071.5 eV, corresponding to a Na salt; Figure S5 ) was seen in the spectra, but no Cl 2p signal was observed. 9 The O 1s spectra are simpler and exhibit two peaks in most cases, with the high BE component at ca. 532−533 eV being assigned to C−O and the low BE component at ca. 530.5−531.5 eV to CO. 16, 21, 55, [66] [67] [68] [69] 72 In the sample prepared using Fe(III) in the absence of oxygen, the O 1s signal could be divided into three peaks. The peak at the lowest binding energy corresponds to an iron oxide, the position of which does not depend in any straightforward way on the oxidation state of iron. 73 The iron oxides are artifacts formed from hydroxides in the dehydrated XPS sample. The second peak (529.7 eV) is assigned to Fe−O−C, i.e., an iron catecholate. 74 The peak with the highest BE (531.2 eV) represents CO, which shows that all of the catechol moieties in the nanoparticle surface region are either oxidized or complexed to iron. The nanoparticles prepared aerobically in the presence of Fe(III) display only the catecholate and carboxyl species (a very small contribution of iron oxide, ca. 1−2%, may be included) for reasons not clear at the moment.
The N 1s spectrum of the autoxidized sample is very similar to that recently reported showing three different nitrogen species. 26 In general, a pyridinic or aromatic nitrogen (nitrogen with a lone electron pair, CN) has a binding energy of ca. 398.3 eV, a pyrrolic nitrogen (nitrogen in a five-membered ring, C−N−C) ca. 400.1 eV, a graphitic (quaternary) nitrogen ca. 401.4 eV, and a protonated amino nitrogen (R−NH 3 + ) ca. 401−402 eV, 26,75−78 and these values are generally in accordance with those reported for melanin-type materials (Table S1) . 16, 21, 55, [66] [67] [68] [69] [70] 79, 80 Uncyclized dopamine molecules have been reported in polydopamine, and their signature would be a band corresponding to an amino nitrogen. Free unprotonated amines usually have a binding energy of ca. 399.5 eV, overlapping that of the pyrrolic nitrogen (secondary amine), which makes their unambiguous spectral deconvolution difficult. 26, 77 However, based on the microscopic pK a values of dopamine, the effective macroscopic pK a value for the amino group in dopamine is ca. 10, and a large fraction of the free amino groups is protonated under normal reaction and XPS sample preparation conditions. 39 Therefore, the major peak at ca. 400 eV in the N 1s spectra of all our nanoparticles is assigned mainly to the pyrrolic nitrogen in the intact DHI moieties. A smaller peak was observed at ca. 401−402 eV in all samples, except those prepared in the presence of Fe(III), which can be attributed to protonated amino groups. A band in this BE range has been observed also in most studies of autoxidized polydopamine. 26, [67] [68] [69] [70] 72 A small signal (below 10%) at 398.5 eV was observed in the autoxidized and the aerobic Ce(IV)-oxidized samples, suggesting a small amount of pyridinic nitrogen (CN) in those nanoparticles. This and the protonated amino components are probably present also in the iron-oxidized samples, in which only one wide band assigned to pyrrolic nitrogen could be reliably deconvoluted.
The assignment of the low-BE band to pyridinic nitrogen species is somewhat problematic, although they have often been reported in autoxidized polydopamine samples. 26, 67, 69, 70, 79 However, imine structures have also been ruled out based on XPS data 21 and theoretical calculations imply the instability (in the gas phase) of the DHI and IQ tautomers with CN bonds with respect to other tautomeric forms. 81, 82 On the other hand, the complexation of the catecholate with a metal may favor the imine form in a DHI structure (Scheme 2). The CN band is always of quite low intensity, and we suggest that the major pyridinic contribution may be due to small degradation products still within the material. In fact, we have found some evidence for such molecules in the mass spectroscopic study of polydopamine and melanin. 55 Low-binding-energy nitrogen has also been associated with metal-bound nitrogen, but this is improbable because the metal-bonding site in melanin has been shown to be the catecholic moiety. 83 In some cases, the whole C 1s and O 1s spectra and their deconvoluted component bands (Figure 3 ) display an upward shift in binding energy compared to the autoxidized sample. Shifts in the observed binding energy can be caused by sample charging or the use of different substrates. However, in this case, these effects can be ruled out as all of the samples consisted of thin nanoparticle aggregates on a gold surface, and the Au 4f signals were consistent within the instrumental error limits. Figure 3 shows that the largest shifts (ca. 1 eV) are observed in the Ce-and Fe-containing samples while the aerobically prepared Cu-containing samples are shifted by a smaller amount (less than 0.5 eV). Collective electrostatic effects have been shown to influence the appearance of the XPS spectra. 84, 85 Recently, cation−π interactions between the protonated free amino group and the aromatic dihydroxyindole moiety have been shown to be important structural characteristics in polydopamine. 26 The N 1s spectra of the Ceand Cu-containing samples show the presence of protonated amino groups at 401−402 eV (the S/N ratio of the Fecontaining samples is too low to allow reliable deconvolution, but the width of the N 1s band suggests more than one nitrogen species). We tentatively suggest that charged −NH 3 + groups interacting with the aromatic π-electrons in the DHI moieties cause the observed positive shift of the C 1s and O 1s binding energies. The smaller effect observed with Cu-induced sample can be ascribed to the sodium ions in the synthesis solution, which tend to mask the effect of protonated amino groups. 26 On the other hand, the autoxidized sample also displays a band assigned to a protonated amino group. Therefore, we must further assume that the metal-induced polydopamines possess a more ordered supramolecular structure, where cation−π interactions have a stronger role. In fact, Cu(II) has previously been shown to produce polydopamine structurally different from the autoxidized material. 46 Favorable cation−π interaction should also lower the binding energy of the protonated amino nitrogen, which is, indeed, in accordance with the higher BE observed for the −NH 3 + group in the autoxidized sample.
Scheme 2. Metal-Induced Resonance
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The factor that clearly differentiates the autoxidized and the Mn(VII)-induced samples from the others is the presence of metals in the latter ones (Table 2 and Figure S6 ). Metals Ce, Fe, and Cu were found in the final material, even after successive dialysis, which demonstrates the high complexing capability of polydopamine (however, we have not tested extraction with ethylenediaminetetraacetic acid or other effective ligands). 83 All of the metals were found in a mixture of various oxidation states, i.e., Ce(IV/III), 86, 87 Fe(III/II), 73 and Cu(II/I/0), 88 but their ratios do not provide reliable information because the samples had been exposed to ambient atmosphere before insertion into the measurement chamber. In addition, the differentiation between Cu(I) and Cu(0) is very difficult and, for these reasons, the two-electron oxidation by Cu(II) cannot be excluded. 89 To estimate the effect of various factors on the metal content in polydopamine samples, we model the process by a redox reaction coupled to complexation reactions with DHI and any other ligand(s) X present (Scheme 3; X = OH, carboxylates etc.). We assume that the reactions take place between individual DHI moieties, the metal ions, and various other possible ligands in a poly-DHI matrix. In addition, we assume that pH is low enough (pH below ca. 8) so that the deprotonation of the DHI hydroxyl groups needs not be taken into account. 90 Complex formation with indolequinone (IQ) and semiquinone concentration will also be neglected.
The gross chemical state of the system is defined by the oxidizing power of the metal and the complexation properties of its oxidized and reduced forms. These factors are described by three parameters. The relative extent of the redox reaction,
, where M (tot) and M red (tot) are the total amount of metal and the total amount of its reduced form, respectively, is a monotonic sigmoidal function ξ = ξ(Δε) of the dimensionless potential difference variable Δε = 2FΔE θ ′/RT, which ranges from 0 to 1 ( Figure S7 ). Here,
is the formal potential difference between the oneelectron formal potential of the metal couple and the twoelectron formal potential of the IQ/DHI pair. The formal redox potentials of the metals studied have been calculated in our earlier work, 39 and the formal potential of the IQ/DHI pair decreases by 60 mV per pH unit. For this pair, we use the measured value +0.73 V versus NHE for an autoxidized polydopamine film in 0.5 M H 2 SO 4 (pH = 0.3). 91 The two other dimensionless variables, χ ox and χ red , are defined as 
Here, the α factors are the side reaction coefficients of the oxidized and reduced metal ions for complexation with DHI or any other innocent and nonelectroactive ligand(s) X present. 39, 92 The side reaction coefficients are given for any ligand L as α(
n , where β n (L) is the cumulative stability constant for the complex ML n . The parameters χ also range from χ = 0 (no complexation with DHI) to χ ∼ 1 (complexation with DHI much more important than with X). Assuming that all reactions are reversible and DHI is an innocent ligand, we can obtain an expression for the relative amount of metal bound to DHI (only mononuclear complexes) as a function of these three dimensionless variables (see Supporting Information for details)
(tot) (tot) ox red (2) However, the variables are not independent because the side reaction coefficients α ox,red (DHI) are given in terms of the free DHI concentration [DHI (free) ], which depends on the extent of the reaction ξ and, therefore, the side reaction coefficients are functions of ξ. On the other hand, the concentration [X] of other ligands can be assumed constant. Now [DHI (free) ] and α ox,red (DHI) are monotonous functions of ξ so that α ox,red (DHI) → 1 and χ ox,red → 0 when ξ → 1. This allows us to determine the limiting behavior of ϕ in various cases. A negligible amount of metal is bound to DHI as is the case for Ce(IV) with Δε ≈ 11 (ξ ≈ 0.97, at pH 4.5). Third, if M ox is a moderate oxidant, then ϕ = (1 − ξ)χ ox + ξχ red , and we have 0 < ξ < 1 and 1 − ξ ∼ ξ. In this case, metal binding is controlled by χ ox and χ red , which are, in turn, determined by the relative tendencies of the oxidized and reduced metal to bind DHI over X. This is the case for Fe(III), which forms strong complexes with DHI and has Δε ≈ −5 (ξ ≈ 0.14, at pH 4.5). Interestingly, Cu(II) in the presence of chloride is a stronger but still moderate oxidant with Δε ≈ 4 (ξ ≈ 0.78). However, Fe(III) forms very stable catecholate complexes, and χ ox ∼ 1 (X = OH and only 1:1 DHI complex) because at this pH, α Fe(III) (DHI) ∼ 10 34 −10 37 (for 1 mM DHI). 39, 93 In addition, Fe(II) also complexes DHI and α Fe(II) (DHI) ∼ 10 8 under the same conditions, making also χ red ∼ 1 in this case. 94 This suggests a high iron content in the material. Cu(II) also forms strong catecholate complexes with α Cu(II) (DHI) ∼ 10 18 and only weak hydroxo or chloro complexes, resulting in χ ox ∼ 1 in this case. 39, 95 Studies on copper-based enzymes and complexes suggest that Cu(I) does not form stable complexes with the hard catecholate ligand. 51, 96 On the other hand, it forms stable chloro complexes (resulting in an increased oxidizing power in the presence of chloride), which means that χ red is small for copper. 39 Therefore, the model predicts low copper content also in the presence of chloride. In this context, it may be interesting to note that the enzymes involved in melanogenesis use copper in their active sites, and increased levels of iron are found in neuromelanin in the substantia nigra in the case of brain aging and Parkinson's disease. 51, 97 The simple model presented can semiquantitatively rationalize the metal content in the polydopamine samples (Scheme The Journal of Physical Chemistry B Article 4) as its conclusions are in accordance with the observed metal contents. In nanoparticles prepared using cerium and copper, the metal content was small, in the range of 1−2.5 atom %, in accordance with previous studies of material oxidized in the presence of alkali or alkaline earth metals and Cu(II) ( Table  2) . 43, 45, 46 Assuming that the material is poly-DHI implies that ca. 10−20% of the DHI molecules is complexed to metal. However, in the samples prepared in the presence of Fe(III), the metal content was approximately 20 atom %, which reflects the extremely high stability constants for Fe(III)-catecholates. 93 Iron forms 1:1, 1:2, and 1:3 complexes with the catechol moiety, depending on pH, but 1:1 complexes predominate at the synthesis pH. The rest of the iron coordination shell is filled by aqua ligands in this case, which form iron oxides upon dehydration in vacuum, and a high amount of iron was observed in the XPS images. Ce(IV) rapidly oxidizes catechol to o-quinone, and no complex formation is observed, while Fe(III), which is a significantly weaker oxidant under the synthesis conditions, was previously observed to form 1:1 catechol complexes. 39 No complex formation was observed with Cu(II).
In summary, the XPS study of the nanoparticles highlights two major differences between autoxidized polydopamine and material prepared using transition metals, a decreased nitrogen content, and various levels of metal in the material. However, because of the limited depth range of the method, both these results refer, strictly speaking, only to the surface region of the nanoparticles. In the surface region of a few nanometers, small nitrogen-rich molecules can diffuse out of particles and metal ions in material, whereas the core may be less affected. On the other hand, the core is formed from imbedded surface regions during the particle growth and the composition may have a complex dependence on the particle growth rate and material fluxes in and out.
■ CONCLUSIONS
Polydopamine nanoparticles formed by autoxidation and transition-metal-enhanced aerobic or anaerobic process were characterized. No significant differences were observed in the colloidal properties or UV−vis spectra of the nanoparticles prepared under different conditions. The nanoparticles possess ionizable groups on their surface, which affect their surface charge and solubilization in aqueous media. They cause a rapid increase in the nanoparticle dispersibility and a negative shift of the ζ potential in the pH range of 3−5, and both properties level off at higher pH. The transition pH range is in accordance with the pK a values of the known dopamine decomposition species. In the case of metal oxidants, metals were found in the final materials also after thorough purification.
According to the XPS results, polydopamine prepared using transition metals is chemically superficially similar to the autoxidized material. The main difference is in the metal content, which is especially large in samples prepared using iron(III) as oxidant. The differences in the metal content can be rationalized by the redox and complexation properties of the metals using a simple general model presented. High metal content occurs with moderately oxidizing metals forming strong complexes with catecholate groups. In addition, metals seem to lead to a decrease in the nitrogen content in polydopamine. However, all of the samples display C−C, C− N/C−O, and CO carbon species, and the pyrrolic nitrogen, attributed to intact dihydroxyindole moieties, is the major nitrogen species. Protonated free amino groups are also present, which implies incomplete five-ring closure. The XPS spectra also support the presence of carboxylic acid groups on the surface of the nanoparticles prepared under all conditions, in accordance with the dispersibility and ζ potential results. In addition, the shifts of the XPS spectra suggest that the cation−π interactions between the protonated free amino groups and the π-electron cloud of the dihydroxyindole moieties may be more pronounced in metal-induced polydopamine samples.
The study shows that the initial trends observed during the early stages of dopamine oxidation influence also the final product. All of the redox-active transition-metal oxidants studied can be used to rapidly prepare polydopamine under aerobic or anaerobic conditions, also in mildly acidic aqueous solutions, and at room temperature. However, the possible influence of the metal content, especially with iron-induced polydopamine nanoparticles, and the nitrogen loss should be taken into account.
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